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In twist-bend nematic (NTB) liquid crystals (LCs), the mean molecular orientation exhibits he-
liconical structure with nanoscale periodicity. On the mesoscopic scale, NTB resembles layered
systems (like smectics), where the helical pitch is equivalent to “pseudo-layers” without a true mass
density wave. We study rheological properties of a NTB phase and compare the results with those
of an usual SmA phase. Analysing the shear response and adapting a simplified physical model
for rheology of defect mediated lamellar systems we measure the pseudo-layer compression elastic
constant Beff of NTB phase from the measurements of dynamic modulus G
∗(ω). We find that
Beff of the NTB phase is in the range of 10
3 − 106 Pa and it follows a temperature dependence,
Beff ∼ (TTB − T )2 as predicted by the recent coarse-grained elastic theory. Our results show that
the structural rheology of NTB is strikingly similar to that of the usual smectic LCs although the
temperature dependence of Beff is much faster than smectic LCs as predicted by the coarse-grained
models.
Experimental discovery of twist-bend nematic (NTB)
phase in bent-core liquid crystals has created immense in-
terests in the scientific community [1–7] although it was
theoretically predicted much before from different per-
spectives [8–11]. In the NTB phase, the director nˆ (mean
molecular orientation) exhibits periodic twist and bend
deformations forming a conical helix and is tilted with
respect to the axis N as shown in Fig.1(a). The typical
pitch p of the heliconical structure is of the order of 10nm,
thus comparable to a few molecular length. Commonly,
NTB phase is observed in odd-membered liquid crys-
tal dimers in which two mesogenic units are connected
through a flexible spacers [12–14]. A fascinating feature
of the NTB phase is the observation of spontaneous chi-
rality i.e., formation of both left and right handed helical
domains even though the constituent molecules are achi-
ral. This leads to several unusual physical properties of
NTB phase compared to the conventional nematic phase
(N) [15–21].
A few coarse-grained theories have been proposed to
explain the emergence of NTB phase from the high tem-
perature uniform nematic phase. Mayer and Dosov
showed that the elastic properties of the NTB phase could
be viewed in two different length scales in reference to the
pitch length (p) [22]. When the considered length (l) is
less than p i.e., l < p, the elastic description is similar
to that of the usual nematics. On the other hand, when
l >> p, the elastic description is similar to regular lamel-
lar systems such as cholesteric and smectic LCs [22]. In
the latter picture, the thickness of one pitch can be con-
sidered as a pseudo-layer and the large-scale elasticity of
the NTB phase could be described in terms of an effec-
tive pseudo-layer compression elastic constant Beff and
an curvature elastic constant KN11 and the corresponding
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FIG. 1. (a) Schematic view of heliconical molecular orienta-
tion of the nematic twsit-bend (NTB) phase. p represent he-
lical pitch equivalent to pseudo-layer thickness. (b) Chemical
structure of CB9CB molecules. (c) Polarising optical micro-
scope texture at 94◦C in the NTB phase. N is the macroscopic
average orientation of nˆ over several periods.
free energy density of NTB can be expressed as [13]:
fCGTB =
1
2
Beff 
2 +
1
2
KN11
(
1
R1
+
1
R2
)2
(1)
where  is the pseudo-layer compression and R1, R2 are
the curvatures. Another coarse-grained theory has been
developed considering the heli-polar order and their cou-
pling with bend distortions [20, 23]. Both the theories
predicted that the temperature dependence of Beff is
much faster than the usual SmA LCs.
There have been a very few experimental studies re-
porting measurements of Beff of NTB LCs [23–25]. For
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2example, Gorecka et al. have measured Beff of CB7CB
and some chiral NTB LCs. They reported the values are
in the range of a usual SmA LC (106−107 Pa,) and varies
inversely with the temperature [24]. Parsouzi et al. have
reported that Beff is in the range of 10
3 − 104Pa and it
scales as Beff ∼ (TTB − N)3/2 [23]. Thus, several or-
ders of magnitude difference in the reported values, mea-
sured on two different samples using two different meth-
ods and its universal temperature dependence is still an
unresolved problem. In this paper we report experimen-
tal studies on the rheological properties of a NTB LC. We
use a novel method for measuring Beff from the dynamic
shear modulus G∗(ω). We discuss the temperature de-
pendence of Beff and compare with that proposed by
the coarse-grained elastic theories of the NTB phase.
The LC material 1,ω-bis(4-cyanobiphenyl-4
′
-yl) alkane
(CB9CB) studied was synthesised in our laboratory. It
is a cyanobiphenyl-based dimer with odd number methy-
lene units (n = 9) in the flexible spacer (Fig.1(b)). It ex-
hibits following phase transitions: I 124◦C N 108◦C NTB
84◦C Cr. and enantiotropic transition with widest tem-
perature range of NTB phase (22
◦C) among the LCs in
the homologous series of CBnCB [14]. For the purpose of
comparison we also studied 8CB (Octylcyano biphenyl)
which shows following phase transitions: I 41◦C N 34◦C
SmA 22◦C Cr. We used a strain controlled Rheome-
ter (MCR 501, Anton Paar) with a cone-plate measuring
system having a plate diameter of 25mm and cone angle
of 1◦ for rheological measurements. A Peltier tempera-
ture controller was attached with the bottom plate for
controlling the temperature with an accuracy of 0.1◦C.
A hood was used to cover the measuring plates for uni-
formity of sample temperature. Temperature dependent
viscosity was measured in cooling the sample from the
isotropic phase. For measuring the dynamic shear mod-
ulus the sample was quenched from the isotropic to the
NTB phase. A total 5g LC was synthesised and about
200mg was used for each rheological measurements. Ini-
tially the phase transitions and textures were observed
using a polarising optical microscope (Olympus BX51)
and a temperature controller (Mettler FP 90). A typical
texture of an unaligned sample is shown in Fig.1(c). It is
noticed that the textures of NTB are very similar to that
of the focal conic textures of usual SmA LCs.
To begin with we measured shear viscosity of CB9CB
as a function of temperature to identify the phase tran-
sition temperatures. Since the orientation of the director
with respect to the shear direction changes with temper-
ature we define it as effective viscosity ηeff . As shown
in Fig.2(a) the N to NTB transition is identified from the
rapid increase (more than two orders of magnitudes) of
ηeff with respect to the N phase. The onset of the N-NTB
transition (108◦C) is better seen in the inset of Fig.2(a).
We also measured temperature dependent ηeff of 8CB
LC as shown in Fig.2(a). It is evident that the magni-
tude and the overall temperature dependence of ηeff the
two samples are very similar. It possibly indicates that
the pretransitional fluctuations and the resulting direc-
(a)
(b)
FIG. 2. (a) Temperature dependent effective viscosity ηeff of
CB9CB (blue squares) and 8CB (black spheres) LCs. (Inset)
Variation of
∂ηeff
∂T
with temperature T of CB9CB. Shear rate
γ˙ = 100 s-1. (b) Shear rate dependent effective shear stress
σeff at fixed temperatures. The solid lines are theoretical fits
to Eq.(2).
tor dynamics across the N-NTB transition are similar to
that of N-SmA transition [26, 27]. The large ηeff of the
NTB phase is expected to arise from the perpendicular
and parallel orientations of the pseudo-layers similar to
those reported in the SmA phase of 8CB LC [28]. The
details of these orientations are discussed later. The flow
curve of NTB phase has been studied and compared with
that of the SmA phase of 8CB as shown in Fig.2(b). NTB
shows both shear-thinning and yield stress similar to that
of the SmA phase of 8CB LC. The shear rate dependent
shear stress σeff is fitted with the Herschel-Bulkley (HB)
model:
σeff = σy +Aγ˙
n (2)
where σy is the yield stress, and A and n are constants.
The fit parameters obtained are: n = 0.6, σy = 2.4 Pa,
A = 2.1 for NTB and n = 0.65, σy = 7.5 Pa, A = 2.8
for SmA phase. The two sets of fit parameters character-
ising the flow curves of two phases are reasonably close,
suggesting they have similar flow behaviour under shear.
3(a)
(b)
FIG. 3. (a) Strain amplitude dependence of the storage G
′
(solid symbol) and loss moduli G
′′
(open symbol) for NTB
(T=87◦C) and 8CB (T=26◦C). Solid line is a theoretical fit
to Eq.(3) (b) Temperature dependence of G
′
(solid symbol)
and loss moduli G
′′
(open symbol) at a fixed strain amplitude
γ = 0.1%. Measurements are performed at frequency ω = 1
rad/sec.
As a next step, we measure the dynamic modulus G∗ =
G
′
+ iG
′′
. The regime of linear viscoelasticity of NTB is
determined by performing oscillatory measurements in
which the strain amplitude is varies from γ = 0.01% to
γ = 100% at a fixed frequency ω = 1 rad/sec. The strain
amplitude dependence can be described by the empirical
relation [29],
G
′
(ω, γ) =
G
′
(ω, 0)
1 + γ/γc
(3)
where γc is the critical strain amplitude. As shown in
Fig.3(a) the critical strain amplitude γc = 3.3% and
modulus G
′
(1, 0) = 391 Pa, setting the upper limit of
linear viscoelastic regime. For comparing we also mea-
sured G∗ of the SmA phase of 8CB and shown in Fig.3(a).
It is interesting to note that not only the strain depen-
dence but also the magnitudes of the shear moduli of
the NTB and SmA are comparable, indicating they have
common structural origin. Further we measured the tem-
perature dependence of dynamic moduli of NTB at a fixed
shear amplitude γ = 0.1% and observed that in the en-
tire NTB phase G
′
> G
′′
. The shear response of the
NTB phase can be discussed in analogy with the rheo-
logical responses of usual SmA liquid crystals [29]. Like
SmA, NTB is solid like in one direction and liquid like
in other two directions. Three simplest orientations of
the pseudo-layers can be considered with respect to the
shear (~v) and velocity gradient (~∇v) directions. When
the pseudo-layers are orientated parallel to the plane de-
fined by ~v and ~∇v the NTB phase behaves like a liquid.
Similarly when the pseudo-layers are orientated parallel
to the shear plane they can slide past each other eas-
ily and the NTB phase behaves like a liquid. When the
pseudo-layers are perpendicular to the shear direction
(nˆ is parallel to ~v) shear tends to change the pseudo-
later spacing. As a result of which NTB phase shows a
viscoelastic solid-like behaviour consequently, G
′
> G
′′
.
Assuming the pseudo-layer spacing p ≈ 10 nm, the es-
timated modulus G
′ ≈ kT/p3 = 4 × 103 Pa, which is
nearly one order of magnitude larger than G
′
(1, 0) (see
Fig.3(a)). It means the length scale involved is larger
than the pseudo-layer spacing which could arise from the
defect texture of the unaligned sample.
(a)
(b)
FIG. 4. Frequency dependence of storage G
′
(solid symbols)
and loss G
′′
(open symbols) moduli at a few representative
temperatures. Solid lines are theoretical fits of Eq.(4) and
Eq.(5) to G
′
and G
′′
, respectively.
The observed solid-like response of the NTB phase can
be explained based on a simple physical model described
for defect mediated cholesteric and smectic LCs. Accord-
ing to this model the storage modulus can be expressed
as [30]
G
′
(ω) = G0 + βdω
1/2 + β0ω
2 (4)
The first term G0 arising from the elasticity of the static
defects [31]. The second term βdω
1/2 arises from the re-
gions of misaligned pseudo-layers in the sample [32]. The
4(a)
(b)
FIG. 5. (a) Temperature dependence of fit parameters βd
(red spheres) and αd (navy blue squares). (Inset) Temper-
ature dependence of α0. (b) Temperature dependence of fit
parameter G0. (Inset) Solid line shows the fit result G0 ∼ χ,
where the reduced temperature χ = (TTB − T )/TTB .
last term results from the regions of the sample where the
pseudo-layers are parallel to the shear direction. The pro-
portionality constants are given by β0 ' η(γ1/K)(p/4pi)2
and βd = (pi/24
√
2)
√
(Beffη) where γ1 is the rotational
viscosity, η is the effective viscosity and Beff is the elas-
tic compression modulus [32]. In particular, βd describes
the response of the lamellar regions with the layer nor-
mal oriented such that strain involves layer compression.
Following the similar arguments the loss modulus can be
written as [30]
G
′′
(ω) = αdω
1/2 + α0ω (5)
where the first and the second terms arise from the mis-
aligned parts of the samples and the Maxwell-fluid type
contribution, respectively. Thus, by measuring βd and α0
from the disoriented sample, we can estimate Beff . In
order to measure these parameters at different tempera-
tures we quenched the sample directly from the isotropic
to the NTB phase so as to obtain mostly disoriented sam-
ple. Figure 4 shows some representative plots of G
′
(ω)
and G
′′
ω at different temperatures in the NTB phase.
The parameters obtained by fitting Eq.(4) and Eq.(5)
at different temperatures are shown in Fig.5, except β0,
which is very small (10−3) and does not vary consid-
erably with temperature. It is noted that βd ' αd as
expected theoretically and both increases with decreas-
ing temperature. Assuming the whole sample is in the
disorientated state, the temperature dependence of Beff
can be expressed as
Beff =
β2d
α0
(
24
√
2
pi
)2
(6)
Figure 6 shows the temperature dependence of calcu-
lated Beff in the entire NTB phase. Just below the N-
NTB transition Beff is relatively smaller; 1.5 × 103Pa
at T=105◦C and it increases rapidly to 2 × 106 Pa at
T=85◦C. The latter number is only one order of magni-
tude lower that the typical layer compression modulus of
SmA phase of 8CB [33]. So far experimentally Beff of a
very few NTB LCs have been measured. Gorecka et al.
measured temperature dependence of Beff of a few chiral
twist bend nematic LCs including CB7CB using atomic
force microscopy technique and reported that Beff is in
the range of 106 − 107 Pa of an ordinary SmA LCs. Us-
ing a dynamic light scattering technique, Parsouzi et al.
reported that Beff of NTB phase of a LC made of multi-
component mixture is in the range of 103−104 Pa, which
is almost three orders of magnitude smaller than the or-
dinary SmA LCs [23, 25]. Our experiment shows a wide
variation of Beff , covering both the ranges. Such wide
variation of Beff could partly be attributed to the in-
crease in the cone angle θ with decreasing temperature.
Based on a crude model Beff = K2(2pi/p)
2 sin4 θ [25],
where θ increases with decreasing temperature [19, 34].
Considering physical parameters for CB7CB such as:
p = 10nm [19] and θ = 10◦ [34] (2◦C below N-NTB tran-
sition); p = 8nm [19] and θ = 33◦ [34] (25◦C below the
transition) and K2 = 3pN, the calculated Beff at two far
away temperatures are given by 1.1 × 103 and 1.6 × 105
Pa. The calculated Beff close to the transition agrees
reasonably well with our experiments but it is smaller
by one order of magnitude at far below the transition.
This assessment suggests that mere increase in the cone
angle with decreasing temperature can enhance Beff by
almost two orders of magnitude.
The temperature dependence of Beff have been pre-
dicted theoretically using coarse-grained theoretical mod-
els. In analogy with SmA*, Meyer and Dosov defined
smectic-like effective pseudo-layer compression and bend-
ing elastic constants (KN33) [22]. Assuming K
N
33 < 0, they
predicted Beff ∼ (TTB − T )2. Parsouzi et al. have de-
veloped another model accounting the helical polarisa-
tion field and their coupling with the bend distortion of
the director [23]. Considering a small variation in the
pseudo-layer spacing and resulting changes in the cone
angle and polar order, the theory predicts that there are
two regimes of Beff . For temperature (T) sufficiently
close to the TTB, Beff ∼ (TTB−T )3, whereas for T suffi-
ciently below TTB, the theory gives Beff ∼ (TTB−T )3/2.
Experimentally they found (in a mixture exhibiting NTB)
that within a relatively small temperature range (∼ 6◦),
Beff scales as (TTB −T )3/2. To get an estimation of the
scaling exponent of Beff , we fit our data to the equation
Beff ∼ (TTB − T )α, with α as a fit parameter as shown
5FIG. 6. Temperature dependence of effective elastic compres-
sional modulus Beff . The solid line is theoretical fit to the
equation Beff ∼ (TNB − T )α, where α = 2.0 ± 0.1. (Inset)
Variation close to the transition is enlarged for clarity.
in Fig.6. We obtain α = 2.0± 0.1, which is equal to the
scaling exponent predicted by the “negative elasticity”
model of Meyer and Dosov [22].
The temperature dependence of G0 as shown in
Fig.5(b) indicates that the static defects contributes to
the mechanical response of the NTB phase similar to that
of the SmA phase. Inset of Fig.5(b) shows that it scales
with temperature as G0 ∼ χ, where χ = (TTB − T )/TTB
is the reduced temperature. This is slightly faster than
that in case of SmA (χ0.7)[38] as expected as in the
NTB phase B scales much faster with temperature. Two
remarks are in order. Firstly, in estimating βd it has
been assumed that the pseudo-layers are disoriented in
the whole sample. This assumption is reasonable as the
sample was quenched from the isotropic phase. Never-
theless if the sample is partly oriented we do not expect
an oder of magnitude reduction of βd and consequently
Beff . Following the same procedure Beff of 8CB is mea-
sured at a few temperatures which agrees well with that
reported [33]. Secondly, the experimental results indicate
that there are defects in our system whose contribution
to the elasticity increases linearly with decreasing tem-
perature. This might indicate a type-II NTB having twist
grain boundary (TGB) like structure as predicted by the
coarse-grained model [22]. However, at this point we can
say that more experimental investigations are required to
draw any unambiguous conclusion.
In this work we have presented rheological properties
of a NTB LC. The structural rheology of NTB phase is
found to be remarkably similar to that of the usual SmA
phase of calamitic liquid crystals. Our measurements
reveal that in spite of the absence of true mass density
wave, NTB LCs are viscoelastic solids similar to many
defect mediated lamellar systems. We found that Beff is
relatively softer near the N-NTB transition but increases
to three orders of magnitude more at a much faster rate
than the usual SmA LCs with decreasing temperature.
The temperature dependence of Beff agrees well with
the prediction of the coarse-grained elastic theories.
Thus our results provide a valuable test of the validity of
the proposed theoretical models. The experiments also
offer new perspectives of NTB LCs and open unexplored
aspects of rheology of nematic LCs with nanoscale
modulation of director.
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